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Neutrino scattering from 12C and 16O
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Exclusive and inclusive (nm ,m2), (ne ,e2) cross sections andm2-capture rates are calculated for12C and
16O using the consistent random phase approximation~RPA! and pairing model. After a pairing correction is
introduced to the RPA results, the flux-averaged theoretical (nm ,m2), (ne ,e2) cross sections andm2-capture
rates in12C are in good agreement with experiment. Predictions of (nm ,m2) and (ne ,e2) cross sections in16O
are also presented.@S0556-2813~97!50111-7#

PACS number~s!: 25.30.Pt, 21.60.Jz. 23.40.Bw
es
ic
u
e
no
o
e
in
re
o
o
tru
s

o-
he
id

ith
tr
tly

he
is

m
er
ic

ino

r-

ox
c

d
te

or

to
s

ould
the
tion

rel-
the
to
of
d
ing
ther
the

at
-

rec-
ill

one
-
The
cted
ust,
ited

he

dau
el
ent
ua-
elf-
gle-
sary
are
n

le-
an
ee-
Investigations of neutrino-nucleus interactions are pr
ently in the forefront of particle and nuclear astrophys
research. The study of basic properties of the neutrino s
as its mass, possibility of decay or oscillations, is prob
using the interaction of neutrinos with nuclei. The neutri
interaction with matter is very weak and therefore neutrin
that are emitted from the inner parts of a star are ‘‘mess
gers’’ that bring information about the processes occurr
inside the stars@1#. These extraterrestrial neutrinos a
detected in reactions involving nuclear targets. It is
considerable importance to provide a theoretical framew
that takes into account the various aspects of nuclear s
ture and is able to describe well these reactions. Attempt
this kind were made in the past@2# and in the last few years
such attempts have been revived@3,4# in view of the avail-
ability of new experimental results in this field of neutrin
nucleus interaction. In particular we will refer here to t
KARMEN results and the results obtained at the Liqu
Scintillator Neutrino Detector~LSND! in Los Alamos. The
12C(nm ,m2)X measurements at the LSND were made w
the same experimental setup as the one used in the neu
oscillation experiment—the results of which were recen
published@5#. A study of the 12C(nm ,m2)X reactions will
shed indirectly some light on the question of validity of t
neutrino oscillation experiments. For example a strong d
agreement between theory and the experimental results
the 12C(nm ,m2)X could probably lead to some skepticis
concerning the experimental setup of the neutrino exp
ments in general. In fact, the recently published theoret
results@4# for the inclusive 12C(nm ,m2)X are in disagree-
ment, by a factor of two, with the LSND result@6#.

In the present paper we examine a range of neutr
nucleus cross sections as well asm2-capture rates with a
special emphasis on the12C case. Our calculations are pe
formed first in the Hartree-Fock~HF! approximation and
then in the consistent Hartree-Fock- Random Phase Appr
mation ~HF-RPA!. The consistency refers here to the fa
that the HF mean field and the particle-hole~p-h! interaction
result from the same effective nucleon-nucleon, two-bo
force. Such RPA calculation preserves the energy-weigh
sum rule of the strength distribution of one-body operat
@7# and therefore it is a favorable scheme when it comes
calculating the distribution of total strength. One is led
expect that, for closed shell nuclei inclusive cross section
560556-2813/97/56~5!/2368~5!/$10.00
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processes governed by one-body transition operators sh
be well reproduced in an RPA-type calculation. Indeed,
RPA had much success in providing an adequate descrip
of giant resonances@8,9# and of a variety of inclusive pro-
cesses in nuclei with good closed shells. An example
evant to our subject of neutrino-nucleus interactions is
inclusive m2 capture on nuclei. The HF-RPA was able
reproduce@9# the inclusive capture rates in a number
closed shell nuclei. It was found that the collectivity an
RPA ground state correlations are very important in reach
good agreement with experiment. This suggests that o
inclusive neutrino processes such as for example
(nm ,m2) reaction~which is the inverse tom capture! will be
well described by the HF-RPA. It is known, however, th
the ground state of12C is not a good closed shell. Admix
tures of the (p1/2)

2(p3/2)
2 configuration into the (p3/2)

4 con-
figuration are large and one should expect substantial cor
tions to the matrix elements obtained in the RPA. As we w
see these corrections play a very important role when
calculates the (n l ,l 2) cross sections, in particular the exclu
sive ones to the ground state of the daughter nucleus.
inclusive cross sections to the excited states are less affe
but, in order to achieve agreement with experiment one m
nevertheless, include these corrections also for the exc
states.

The numerical applications are performed with t
Skyrme forces SGII and SIII@10,11#. The interaction SGII
was adjusted so as to give the correct value of the Lan
parameterF08 @11# in the spin-isospin particle-hole chann
which should be of particular importance in charged curr
neutrino reactions on nuclei. First, the Hartree-Fock eq
tions are solved in coordinate space to obtain the s
consistent mean field. This mean field determines the sin
particle spectrum. For the present problem it is not neces
to treat exactly the single-particle continuum since we
not studying specific~exclusive! channels where a nucleo
would be emitted following the (nm ,m2) or (ne ,e2) reac-
tion. Therefore, it is convenient to discretize the sing
particle spectrum by diagonalizing the Hartree-Fock me
field on a harmonic oscillator basis. The reference Hartr
Fock stateuHF& corresponds to the target nucleus, e.g.,12C.
Let us denote byi , j , . . . (a,b, . . .! the proton~neutron! oc-
cupied states and byI ,J, . . . (A,B, . . .! the proton~neutron!
unoccupied states. The proton~neutron! creation and annihi-
R2368 © 1997 The American Physical Society
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56 R2369NEUTRINO SCATTERING FROM12C AND 16O
lation operators are, respectively,pi
1 andpi (ni

1 andni). In
reactions of the (nm ,m2) or (ne ,e2) type the final statesul&
belong to theDTZ521 daughter nucleus~e.g., 12N! and
they can be described by the charge-exchange RPA@12,13#
model:

ul&5S (
I ,a

XIa
~l! pI

1na1(
i ,A

YiA
~l! pi

1nAD u 0̃&, ~1!

whereu 0̃& is the correlated RPA ground state. TheX(l) and
Y(l) are solutions of the charge-exchange RPA equati
@12,13#. For a one-body charge-exchange operator of
general form

O5(
a,b

Oabpa
1nb , ~2!

the transition amplitudêluFu 0̃& can be expressed simply a

^luOu 0̃&5(
Ia

XIa
~l!* OIa2(

iA
YiA

~l!* OiA . ~3!

In the case of a parent nucleus with zero angular mom
tum in the ground state the cross section is@2,3#

s5
G2

2p
cos2~uC!(

l
plElF~Z,El !E

21

1

d@cos~u!#Ml0 ,

~4!

where G and uC are the Fermi constant and the Cabib
angle,pl andEl are the momenta and energies of outgo
leptons~muon or electron!, u is the angle between the mo
menta of the lepton and the incoming neutrino. The factoF
accounts for the effects of the final state interaction~FSI! of
the outgoing lepton with the daughter nucleus of chargeZ
@2,3#. For the case of (ne ,e2) reactions the mass of th
outgoing lepton is small and the effect is not so importa
The effect of the FSI for the negatively charged muon
more significant, increasing the cross section approxima
by 15– 20%. In Eq.~4!, the sum goes over the availab
nuclear excitations, denoted byl. The nuclear structure ef
fects are incorporated intoMl0 , the bilinear combination of
the nuclear matrix elements between the ground stateu 0̃& and
the excited statesul& of the daughter nucleus. These a
given by @3#

Ml05MFu^luFu 0̃&u21 1
3 MGTu^luGTu 0̃&u21MGT8 L.

~5!

The coefficientsMi are obtained by the Foldy-Wouthuyse
transformation of the weak Hamiltonian where the terms
to third order in the momentum transferq/M are kept (M is
the nucleon mass!@3#. The first matrix element squared of E
~5! is

u^luFu 0̃&u254p(
J

u^l,Juut2 j J~qr !YJuu 0̃&u2. ~6!

Here,qW is the momentum transfer,q5uqW u, sW andt2 refer to
the nucleon spin Pauli matrices and isospin-lowering ope
tor, respectively,uu . . . uu stands for the standard definition o
s
e

n-

t.
s
ly

p

a-

the reduced matrix elements,j L are the spherical Besse
functions andYJ are the spherical harmonics. The remaini
combinations of the matrix elements are

u^luGTu 0̃&u254p(
l ,J

u^l,Juut2 j l~qr !@Yl3sW #Juu 0̃&u2,

~7!

L54pS 5

6D 1/2

(
l ,l 8,J

~21!~ l 2 l 8!/21J@~2l 11!~2l 811!#1/2

3S l l 8 2

0 0 0D H 1 1 2

l 8 l JJ ^l,Juut2 j l~qr !

3@Yl3sW #Juu 0̃&^l,Juut2 j l 8~qr !@Yl 83sW #Juu 0̃&* . ~8!

Here,@3#J means the coupling to the total angular mome
tum J. The quantityL in Eq. ~8! is an interference term
which appears when the square of the weak interaction
trix element is calculated@see Eq.~12! of Ref. @3##. In the
limit of zero momentum transfer it vanishes. In our calcu
tion we take into account states withJ<3 with positive and
negative parity.

We perform the integration over angleu in Eq. ~4! with
the step sizeDu52p/30. The single-particle matrix ele
ments of the operatorsO are calculated using the Hartree
Fock wave functions in steps ofDr 50.1 fm in the radial
coordinate.

The 12C nucleus is not described well by a closedp3/2
subshell and configuration mixing is important in the grou
state. Besides the RPA correlations, one of the impor
correlations is introduced by the pairing force. Here, we
timate the effect of pairing on theexclusive and inclusive
neutrino cross sections. In the expressions~4!–~8! for the
cross section, two types of single-particle matrix eleme
enter:~a! those which do not contain the spin operatorsW and
~b! those which containsW . The two kinds have differen
symmetry properties under time reversal. Consequently,
corresponding expressions for these single-particle opera
in terms of quasiparticles are@14#

^ i * uOsuk* &5~uivk2ukv i !^ i uOsuk&,

^ i * uOuk* &5~uivk1ukv i !^ i uOuk&, ~9!

where the asterisks mean that the pairing has been taken
account,O is an operator that depends onrW only, and theu
and v are the coefficients of the Bogoliubov-Valatin tran
formation. In the case of12C, the u and v factors differ
significantly from their values without pairing only for th
p3/2 andp1/2 levels. This results in reduction factors

z25~up1/2
vp3/2

2vp1/2
up3/2

!2, ~10!

which multiply the single-particle matrix elements of the o
erators containings in the expressions for the RPA matri
elementŝ luOu 0̃&. The evaluation of pairing effects in th
cross sections is done by introducing the factorsuivk6ukv i
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in the matrix elements obtained from the RPA solutio
without pairing. For orbits different from thep3/2 andp1/2 we
take thevk to be zero or one.

To obtain the cross sections that allow for comparis
with the experimental data, one has to fold the ener
dependent cross section of Eq.~4! with a corresponding neu
trino flux f (E)

^s& f5E dEs~E! f̃ ~E!, ~11!

where f̃ (E) is a properly normalized neutrino flux from a
available neutrino source,

f̃ ~E!5
f ~E!

E
E0

`

dE8 f ~E8!

, ~12!

and f (E) is the initial ~unnormalized! flux from the source.
Here, the value ofE0 depends on the neutrino source used
each experiment. It is taken to be zero for the case of
electron neutrino@15#, while for the case of the muon neu
trino sourceE05Ethr @6#, whereEthr is the threshold energy
for the AZ(nm ,m2) reaction. We calculate the cross sectio
with the neutrino energy stepsDE51 MeV and DE55
MeV for the electron and muon neutrino cases, respectiv
The spectra for the muon and electron neutrinos were ta
from Refs.@6,15#. The endpoint for the electron neutrino flu
is 52.7 MeV, thus the cross section for theAZ(ne ,e2) reac-
tion is sensitive to the low-energy excitations in the daugh
nucleus, mainly the giant resonances. For the case of
muon neutrino, the flux is cut atE5 260 MeV.

The results of the calculations are shown in Table I. W
note first that the results obtained do not differ very much
the two interactions used and the cross sections or cap
rates agree typically within 10% for the SGII and SIII inte
actions. In order to assess the influence of collective effe
and of the RPA ground state correlations we have calcula
each cross section or capture rate first in the Hartree-F
approximation and then in the HF-RPA. The comparis
shows that in the RPA them2-capture rates are reduced b
30% and 50% in12C and 16O, respectively. This is in agree
ment with the results in Ref.@9#. Note that in the presen
calculation of them2-capture rates the SU4 assumption
not used and the vector, axial vector and induced pseu
scalar contributions are directly calculated. From Table I
see that the RPA effects are also very important in
(ne ,e2) process. In12C and 16O the flux averaged (ne ,e2)
cross section is reduced by nearly a factor two when
goes from HF to HF-RPA.

One of the manifestations of the fact that12C is not a
closed shell is the need for a large suppression factor in o
to reproduce the experimental exclusive cross sections to
ground states of theA512 nuclei@2,4#. In Ref. @4# a reduc-
tion factorz253.88–4.13 was introduced in the computati
of exclusive processes, however, these authors have not
sidered the influence of configuration mixing in the12C
ground state on the inclusive cross sections to the exc
states. In the present work, by including the pairing corre
tions we are able to treat the effects of such configura
s
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mixing in both exclusive and inclusive cross sections. T
pairing calculations are done employing Eq.~9! and a
vp1/250.65, a choice in accordance with the value of the g
parameterD.3–4 MeV@14#. The pairing correction reduce
the flux-averaged exclusive cross sections andm2-capture
rates to the ground state of the daughter nucleus by fac
4–7 compared to the RPA results, depending on the typ
reaction one calculates. The inclusive cross sections to
excited states~denoted aŝ s* &) are affected less by the
pairing correction but still the effect is sizable, reducing t
^s* & cross sections by 25%. The reduction due to pairing
the total inclusive processes is about a factor of 5 for
(ne ,e2) cross section~because it is dominated by the tra
sition to theJp511 ground state! and about 33% reduction
for the (nm ,m2) cross section with respect to the RPA resu
Note that the RPA and pairing correction decrease the c
sections calculated in the HF approximation by a factor
6–7 for (ne ,e2) and a factor of 2 for the (nm ,m2) and
m2-capture processes. We emphasize that the agreeme
achieved in all the quantities calculated by using the sa

TABLE I. Flux-averaged cross sections andm2-capture rates in
12C. sexc stands for exclusive cross sections to the12N ground state,
s* is the inclusive cross section to excited states. The capture r
vg.s.andv tot correspond to the partial rate to the ground state an
the total rate, respectively. The (nm ,m2) cross sections are in 10240

cm2, (ne ,e2) cross sections are in 10242 cm2, capture rates are in
104 s21. For each quantity, values calculated with SGII and SIII a
in the upper and lower row, respectively. The results in brack
correspond to the choicevp1/250.60.

Channel HF HF- HF-RPA Exp.
RPA 1pair

(nm ,m2)
sexc 4.28 3.35 0.39~0.64! 0.6660.160.1 @16#

4.70 3.80 0.50~0.77!

s* 22.7 17.7 13.1~13.7!
24.1 18.6 14.0~14.4!

s inc 27.0 21.1 13.5~14.3! 11.260.361.8 @16#

28.8 22.4 14.5~15.2!
(ne ,e2)
sexc 78.1 54.8 7.1~11.4! 10.561.61. @19,20#

100.4 68.2 10.1~16.0! 8.260.6560.75 @15#

s* 8.6 8.3 5.6~6.2! 6.461.4561.4 @21#

14.0 8.1 6.4~6.7! 3.662.7@20#

5.760.660.6 @22#

8.661.261.5 @15#

s inc 90.6 63.2 12.9~17.6! 14.162.3 @20#

114.4 76.3 16.5~22.7! 16.861.7 @15#

m2-capt.
vg.s. 3.61 3.24 0.41~0.67! 0.6060.04 @23,24#

3.70 3.48 0.45~0.73!

v tot 8.0 6.87 3.09~3.48! 3.760.1 @18#

8.4 7.22 3.23~3.64!
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56 R2371NEUTRINO SCATTERING FROM12C AND 16O
value of the parametervp1/2. We did not attempt to find the
best value for this parameter. In parentheses of column 4
show the results obtained when we usevp1/250.60. We
should remark that the results in Table I corresponding
interaction SGII are obtained with a slightly changed sp
orbit parameter~compared to the original SGII force! so as to
reproduce in the RPA the experimental threshold ene
Our results for the (nm ,m2) inclusive cross section of 13.
310240 cm2 ~for SGII! and 14.5310240 cm2 ~for SIII!
should be compared with the recently revised experime
value of ~11.260.361.8!310240 cm2 from the LSND ex-
periment@16#.

At this point several remarks should be added.
~a! Our procedure of introducing the effects of pairing

the cross sections is approximate and several correct
must be considered. We have estimated the correction
stems from the transitions from thep1/2 to higher orbits~that
is transitions proportional tovp1/2

2 ) in the inclusive cross-
section as well as the correction that comes from the ene
shift of the spectrum caused by the pairing force. The t
types of corrections cancel each other so that the result
Table I are affected only by a few percent by these additio
terms.

~b! It is well known that there is a 30– 40% univers
quenching of GT strength in nuclei~see for example Ref
@17#!. The origin of the observed quenching is still dispute
One suggestion is that the missing strength is shifted to
ergies as high as 300 MeV~the D33 region!. The other sug-
gestion is that the strength is actually spread out into m
states each carrying a small fraction of the missing stren
If the second suggestion is the correct one, then we do
need to introduce additional quenching because we sum
all the RPA strength. It is not clear if the above quench
applies uniformly to all states, including the ones that ca
little GT strength. It is possible that the parametervp1/2 we
introduce might effectively take into account some of th
quenching. The fact that we reproduce all the exclusive cr
sections suggests that we do not need to introduce additi
quenching.

~c! We should remark that the strong quenching of G
strength~in particular in theb1 decay! due to pairing effects
was discussed extensively in the past~see for example, Ref
@17# and references therein!.

In 16O the nucleons form a good closed shell and pair
effects are not important. Except for them2 capture there are
t,
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no experimental neutrino data. Our HF-RPA predictions
16O for the flux-averaged inclusive (nm ,m2) cross sections
are 27.8310240 cm2 ~SGII! and 27.1310240 cm2 ~SIII!
whereas for (ne ,e2) they are17.2310242 cm2 ~SGII! and
16.9310242 cm2 ~SIII!. The calculated HF-RPA
m2-capture rates are1.053105 s21 ~SGII! and 1.00
3105 s21 ~SIII! to be compared with the experimental valu
of 0.983105 s21 @18#.

In summary, we have shown that the use of the consis
HF-RPA scheme and the introduction of pairing correctio
can successfully reproduce the experimentalm2-capture
rates and neutrino cross sections in12C. The main limitation
and also the main source of uncertainties in12C is that the
effect of pairing correlations on the various cross section
evaluated in several steps, each step involving approxi
tions. An improved treatment should attempt to introduce
pairing correlations in the ground state from the start and
perform RPA calculations on the correlated ground sta
Such a computational scheme is known as the quasipar
RPA ~QRPA!. It is of considerable importance to calcula
the neutrino cross sections in the QRPA. Such calculati
are presently in progress. One should keep in mind, howe
that although the QRPA will be an improvement over t
present scheme, one will still face uncertainties in the cal
lation. In order to reduce uncertainties one should be abl
constrain the wave functions by examining related data, s
as for example the existing (e,e8) cross sections. The pairin
correlations in the ground state of12C are not the only pos-
sible ones. Other types of nucleon-nucleon correlatio
might contribute to the cross sections. A larger space sh
model calculation should be able to determine better
ground state wave function. However, the calculation
highly excited states~excitations across several major shel!
will be quite difficult and will involve necessary approxima
tions. Although the present approach is not as elaborate a
extended shell-model calculation or a QRPA, it does cont
some of the basic features that will emerge from such m
extensive methods and it goes beyond the work that
published on this subject in the past.
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